High pressure Raman experiments were performed on the model system of double-wall carbon nanotubes. Changes in the resonance Raman profile of the radial breathing modes provide a unique demonstration of the inner tubes' band gap reduction with pressure. The overall trend of the internal tubes' normalized mode pressure coefficients vs frequency reveals the size-dependent properties of individual carbon nanotubes. Moreover, their quasilinear grouping, attributed to the inner-outer tube ͑intratube͒ coupling and its tube spacing dependence, manifests the existence of specific inner-outer tube combinations.
The unique structure and fascinating properties of carbon nanotubes provide a broad field for fundamental research and nanotechnology applications. Their mechanical and transport properties are determined by the structural characteristics of the individual nanotubes and their tube-tube van der Waals interaction. For example, in nested nanotube structures, the interaction between neighboring concentric graphene shells ͑intratube interaction͒ with respect to the relative gliding, rotation and screwlike motion of the tubes may lead to the mechanical components of tomorrow's nanomachines, 1 whereas gigahertz nano-oscillators take advantage of this interaction acting as restoring force.
2 However, the strength of the intratube interaction and its dependence on the structural characteristics of the involved tubes, although of paramount importance in the devices design and realization, remains a challenging experimental task. Double-wall carbon nanotubes ͑DWCNTs͒, lying between single-͑SWCNTs͒ and multiwall carbon nanotubes ͑MWCNTs͒, constitute a model system for studying nanotube encapsulation effects. Raman spectroscopy, due to its size-dependent resonance nature in these materials, allows the study of individual tubes 3, 4 and in the case of DWCNTs reveals the growth of inner or secondary tubes with a high degree of perfection. 5 The intratube interaction upshifts the frequencies of the radial breathing modes ͑RBMs͒ of both inner and outer tubes 6, 7 and causes their splitting due to the existence of DWCNTs having the same secondary ͑i.e., inner͒ tube, but encaged in different diameter primary ͑i.e., outer͒ tubes. 6, 8 The application of high pressure on a material yields important information concerning the nature and the strength of the interactions among its building species. In bundled SWCNTs, the van der Waals tube-tube ͑intertube͒ interaction dominates their pressure response, resulting in the nanotube cross-section deformation, more pronounced for larger diameter tubes, 9 and eventually its collapse. [10] [11] [12] In the case of DWCNT bundles, the intertube interaction is less effective as the secondary tubes enhance the structural rigidity of the outer shells, which, nevertheless, still suffer deformation at elevated pressure. On the other hand, the internal tubes are quasi-isolated due to their encapsulation inside the primary tubes. [13] [14] [15] In this paper, we explore, by means of high pressure Raman measurements on a high quality bundled DWCNT material, aspects of the individual tube's pressure response as well as the intratube interactions. Surprisingly, smaller diameter secondary tubes can be more sensitive to pressure application depending on the structural characteristics of the encapsulating tube.
The DWCNT sample used in this study was prepared by the peapod conversion route, following Bandow's procedure. 16 Details of the sample preparation and the extensive characterization of the starting SWCNT material, the intermediate step peapods and the resulting DWCNTs by means of transmission electron microscopy ͑TEM͒, x-ray diffraction ͑XRD͒, and Raman spectroscopy can be found elsewhere. 13, [17] [18] [19] [20] The Raman spectra were recorded using a DILOR XY micro-Raman system equipped with a cryogenic charge coupled device ͑CCD͒ detector. High pressure was applied by means of a Mao-Bell-type diamond anvil cell. The 4:1 methanol-ethanol mixture was used as pressure transmitting medium and the ruby fluorescence technique for pressure calibration. For excitation, the 514.5 nm line of an Ar + or the 647.1 and the 676.4 nm lines of a Kr + laser were focused on the sample by means of a 20ϫ objective, while the laser power was kept below 2.5 mW-measured directly before the cell-in order to eliminate laser-heating effects. Figure 1 shows the Raman spectra at various pressures, excited with 676.4 nm, of the DWCNT material in the RBMs frequency region. The lower energy broad band is attributed to the larger diameter primary tubes, while the numerous narrow peaks at higher frequencies are assigned to specific secondary tubes. 5, 6, 21 All RBM peaks are blueshifted with increasing pressure, while line shape as well as relative peak intensity changes take place. Namely, the RBM band attrib-uted to the primary tubes broadens and its intensity attenuates remarkably. These changes are due to the pressure induced deformation of the outer tube cross section resulting from the intertube interaction within a bundle, also observed in SWCNTs. 10, 11 However, in the DWCNT material the primary tubes RBM band persists up to much higher pressure compared to SWCNTs due to the enhancement of their structural stability provided by the secondary tubes.
The peaks attributed to the secondary tubes remain relatively narrow up to the highest pressure attained, reflecting that these tubes are protected from external perturbations and ruling out their pressure induced faceting analogous to that encountered for the primary tubes. However, the Raman intensity distribution among these spectral features is gradually modified with pressure and, moreover, two additional peaks appear at higher pressures in the frequency region 340-370 cm −1 . The internal tube RBM relative intensity profile in the Raman spectrum of the DWCNT material at 9.4 GPa excited by the 676.4 nm ͑1.833 eV͒ line, resembles closely to the pattern recorded at ambient pressure with 647.1 nm ͑1.916 eV͒ excitation ͑top panel in Fig. 1͒ . It is well known that the Raman spectrum of carbon nanotubes allows selective probing of tubes for which the excitation wavelength is in resonance with the energy spacing between the corresponding van Hove singularities ͑VHS, sensitively dependent on the tube diameter and chirality͒ appearing on either side of the Fermi energy in the one-dimensional ͑1D͒ electronic density of states. 3 Moreover, there is experimental evidence that in individual SWCNTs the energy spacings between the VHS located around the excitation energies used in our study decrease upon hydrostatic pressure with rates 0.3 to 1.6 meV/ kbar. 22 Therefore, we attribute the observed RBM intensity redistribution to a pressure-induced redshift of the band gap energies due to the intratube coupling, which transmits the external pressure and, as a result, changes the resonance conditions of the probed inner carbon nanotubes. At higher pressures, the experimental Raman relative intensities at a specific excitation energy will be favorable for those tubes that at ambient conditions have higher energy VHS and thus their Raman spectrum will be more intense if it is excited by a smaller wavelength. Small deviations of the DWCNT Raman profile at 9.4 GPa excited with 676.4 nm from that excited with 647.1 nm at ambient conditions can be ascribed to the pressure screening in the interior of the primary shells 13 as well as to the different pressure slopes of the band gaps 22 of the nanotubes which are in resonance with the excitation wavelength. It is important to note that the direct observation in DWCNTs of any individual tube's energy gap variation vs pressure through absorption or luminescence measurements is very difficult because of the VHS energy spacings overlap of the inner and outer tubes.
Upon pressure release, both the frequency shifts and the relative intensity pattern of the inner tube RBMs are fully reversible and their original spectrum is restored at 1 bar ͑bottom spectrum in Fig. 1͒ , manifesting the reversibility of the pressure-induced redshift of the internal tubes' VHS energy gaps. On the other hand, while the frequency of the outer tube RBM band reverts reversibly to its original value, its intensity is attenuated and the peak remains broader after pressure release, reflecting the residual pressure-induced deformations of the primary tubes in DWCNTs, in analogy to those observed in bundled SWCNTs. 10 A complete picture of the intertube and the intratube interactions within a bundled DWCNT material could be depicted by compiling and comparing the mode Grüneisen parameters, ␥ i ͑=B͓‫͑ץ‬ln i ͒ / ‫ץ‬P͔, where B is the bulk modulus͒ of the peaks appearing in the Raman spectrum. In Fig. 2 , the normalized pressure slopes, ⌫ i = ͑1/ i ‫ץ͑͒‬ i / ‫ץ‬P͒, proportional to the mode Grüneisen parameters, of the RBMs in the DWCNTs are plotted as a function of the peak position. The presented data are obtained with excitation at 514.5 nm and 676.4 nm, and plotted along with ⌫ i parameters taken from the literature for a wide diameter range HiPCO ͑high pressure carbon monoxide͒-derived SWCNT sample ͑excitation with 514.5 and 632.8 nm͒ ͑Ref. 9͒ and a DWCNT material prepared also by the peapod conversion route ͑excitation with 514.5 and 647.1 nm͒. 15 The diameter values in the top axis are indicative, as they are estimated on the basis of the simple relation RBM ͑cm −1 ͒ = 234/ d t ͑nm͒ + 10, where RBM is the RBM frequency and d t the tube diameter. This relation FIG. 1. Raman spectra of the DWCNTs in the RBM frequency region at room temperature and for various pressures, recorded upon pressure increase and after total pressure release ͑bottom spectrum͒. The 676.4 nm line of a Kr + laser was used for excitation. Arrows mark Raman peaks appearing in the spectrum at elevated pressure. For comparison, the Raman spectrum of the DWCNT material at ambient conditions and using the 647.1 nm line of the Kr + laser is also included ͑top spectrum͒. has been applied previously for both SWCNT 23 and DWCNT 5, 13 bundles. However, this is only a rough estimation, as it does not take into account the intratube interactions, causing the splitting of the observed RBMs and their frequency upshift. 6, 7 Our normalized pressure slopes of the DWCNT primary tubes, are in excellent agreement with those previously reported, 15 which exhibit strong and similar frequency ͑and thus diameter͒ dependence to that of the bundled SWCNTs. 9 Namely, they decrease quasiquadratically as the tube diameter decreases, which is rationalized in terms of the enhanced cross section fragility of the larger nanotubes upon pressure. 9 The comparison of the experimentally obtained ⌫ i values for the SWCNTs and the external tubes of the DWCNTs with the theoretically predicted value of the ⌫ parameter for an individual SWCNT ͑dotted horizontal line in Fig. 2͒ , 9 reveal that the intertube van der Waals interactions govern the pressure response of these tubes. On the contrary, all data related to the secondary tubes lie close to that expected for an individual tube with single exception being the half-filled green circle for which an unambiguous assignment to inner or outer tube cannot be made. 13 The observed pressure response of the secondary tubes is in line with previously reported data. 15 However, according to the assignment given by Pfeiffer et al., 5 almost all the possible internal tubes in the diameter range 0.6-0.9 nm are observed in the present work as well as several split components, allowing the elucidation of the systematics governing the intratube interactions.
The ⌫ i values associated with the internal tubes are shown in the inset of Fig. 2 . Although, these data lie around the value predicted for an individual tube, there is an obvious overall trend of reducing ⌫ with increasing frequency ͑de-creasing nanotube diameter͒, similar but less pronounced to that of the primary tubes. Theoretical calculations in the framework of elastic model predict a monotonic decrease in the compressibility of an individual nanotube with decreasing tube diameter, which is much more pronounced for smaller tubes. 24 Consequently, within the diameter range of the studied material, the ⌫ i diameter dependence will be dominated by the dispersion in the compressibility of the individual internal tubes. Finally, the primary tubes' sizedependent cross-section deformation being efficiently "transferred" to the secondary ones through the van der Waals intratube interactions, cannot be excluded. Under this consideration, extending the pressure range of the experiments may finally cause a deformation of the internal tubes, similar to that suffered by the external tubes.
The most remarkable point arising from the RBM pressure derivatives presented here is their clustering in quasilinear distributions in which the above-mentioned ⌫ i -d t relation is inverted. Note that ⌫ i values found by Venkateswaran 15 lie on the extrapolation of the groups illustrated in Fig. 2 . In order to understand this observation, we invoke some simple geometric considerations regarding the relative size of the tubes constituting a DWCNT. The chiral vectors ͑n , m͒ of the carbon nanotubes quantizes their possible diameter values, leading to discrete intratube spacings. Depending on the chiral vectors involved, inner-outer tube combinations can be found where the minimum interlayer spacing approaches the "best fit" condition ͑close to the turbostratic constraint of graphite͒, whereas other combinations deviating from this condition, result in DWCNTs with higher intratube distance. 7 This is manifested by the intratube spacing dispersion of 0.34-0.38 nm observed in TEM experiments. 5 Moreover, for a specific internal tube, several compatible externals may exist, leading to very close intratube spacings, but enough to cause an observable split of the RBMs in the Raman spectrum. In the split components, the better the tube matching, the higher the frequency and the higher the corresponding ⌫ i . As an example, the split components located at ambient pressure in the frequency region 361-367 cm −1 , which are attributed to the ͑8,1͒ nanotube, 5 follow exactly this scheme with pressure. It is therefore tempting to assume that each of the five groups illustrated in the inset of Fig. 2 corresponds to the same inner tube encaged in outer tubes of different diameter. Then, the number of points in a group represents the number of compatible outer shells, whereas the intensity of the corresponding peaks their relative occurrence and/or an intratube interaction-dependent shift of the resonance conditions. However, according to Pfeiffer et al., 6 the experimentally observed RBM frequency splitting due to secondary tube enclosure in different primary tubes does not exceed 5 cm −1 . If this is the case, the extended range of the grouping presented in Fig. 2 ͑exceeding 30 cm −1 ͒ can be only partially interpreted on the basis of split components originating from the same inner tube. Consider now that in Fig. 2 a point adjacent to a group of split components corresponds to a smaller internal tube ͑higher Raman frequency͒. If this tube has a smaller intratube distance, then the corresponding ⌫ i value will be larger than that of the lower frequency neighboring group of split components ͑the data belong in the same quasilinear group in Fig. 2͒ . Alternatively, an increase of the inner-outer tube mismatch will lead to smaller ⌫ i value ͑the data belong in different quasilinear groups in Fig. 2͒ . Therefore, each distribution of the RBM pressure derivatives can be understood as grouping of data related ͑i͒ to the same secondary tube included into different diameter primary tubes, as well as ͑ii͒ appropriate inner-outer tube combinations in such a way that their mutual interaction increases quasilinearly with the reduction of the secondary tube diameter. For a quantitative interpretation of the observed ordering in the ⌫ i parameters, detailed theoretical investigations are required. Nevertheless, our experimental study strongly suggests that the pressure response of the internal tubes is crucially dependent on the intratube spacing and implies that the formation of specific inner-outer combinations is favorable upon peapod conversion to DWCNT, those following the ⌫ i -i pattern illustrated in the inset of Fig. 2 .
High pressure resonance Raman spectroscopy on the model system of DWCNT probes the individual nanotube pressure response as well as the intratube interaction systematics, both determining the performance of the nanotubebased devices. In addition, the combination of the present findings with theoretical calculations will provide an unambiguous assignment of both primary and secondary tubes in DWCNTs.
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